Abstract. In recent years, the juvenile period of olive seedlings has been reduced by diverse forcing and pruning-formation techniques, but it is still a major drawback for breeding. Plant height at the time when seedlings are transplanted to the field has been found effective for obtaining earlier flowering, but the value of this parameter varies widely among olive breeding programs. We evaluated different transplant dates, taking into account mean plant height and age, with the aim of determining the optimum parameters for achieving early flowering and easy plant management and, at the same time, for the early elimination of genotypes with a long juvenile period. A mean seedling height of ' '100 cm at the time of planting in the field provided the best results in terms of shortening the juvenile period and facilitating handling of the seedlings. For all dates tested, seedling height at transplanting was effective as a pre-selection criterion for the early elimination of genotypes with long juvenile periods, with slight improvement in effectiveness with advancing transplant date.
The juvenile period, i.e., the time between seed germination and when the plant achieves and maintains the ability to flower, is very prolonged in woody species (Hackett, 1985) . The length of this period is determined by genetic and environmental factors (Kazakov and Kichina, 1988) , and their interaction can generate different plant behaviors. In the olive tree (Olea europaea, L.), the juvenile period can last up to 15 years in natural conditions (Bellini, 1993) , and has represented one of the major obstacles for breeding programs in this crop species. Moreover, the length of the juvenile period has agronomic importance due to its relationship with the length of the unproductive period of the new cultivars subsequently reproduced by vegetative cuttings, an important character for fruit trees. León et al. (2007) clearly demonstrated that olive seedlings with a short juvenile period will, once vegetatively propagated, also produce plants with a short unproductive period. Two main strategies have been used in fruit breeding programs to overcome these difficulties: 1) the development of early selection criteria to eliminate genotypes with a long juvenile period and 2) the shortening of this period by means of forced growth of seedlings.
Criteria for early selection of seedlings with a short juvenile period have been established for tree crop species such as apple (Alston and Bates, 1980; Visser et al., 1976; Zagaja and Faust, 1983) , pear (Bagnara et al., 1994; Visser et al., 1976; Zimmerman, 1977) and, more recently, olive (De la Rosa et al., 2006; Pritsa et al., 2003; Rallo et al., 2008) . In this latter species, early elimination of plants with a long juvenile period is based on plant height measured just before the time of transplanting to the field, excluding all seedlings shorter than a threshold height (De la Rosa et al., 2006; Rallo et al., 2008) .
The second approach used to overcome the long juvenile period of fruit tree seedlings has been to force seedling growth, particularly to rapidly achieve height, in the greenhouse (Aldwinckle, 1975; Fischer, 1994) and/or field. In olive, the application of growth forcing and training has allowed a considerable reduction of the juvenile period, facilitating breeding program success (Lavee et al., 1996; Santos-Antunes et al., 2005) . A number of growth-forcing strategies can be carried out. Santos-Antunes et al. (2005) forced growth in the greenhouse for 18 months and then planted the seedlings in the field with an average height of 160 cm. This procedure, however, entails management difficulties such as a marked imbalance between a very tall shoot and a pot-restricted root volume before planting in the field and labor-intensive staking and pruning following transplant. On the contrary, Lavee et al. (1996) focused on forcing growth in the field, where seedlings were planted when they were only 30 cm high. Under field conditions, an adequate growth-forcing strategy is not limited by root volume, plant space, or other management considerations.
In this study, we evaluate the influence of olive seedling transplant date from three different perspectives: early attainment of the capacity to flower, simplification of plant management, and rapid elimination of less desirable genotypes. We integrate the two main strategies that have been used to overcome the juvenile period, simultaneously evaluating the effect of a range of heights at the time of transplant to the field on the percentage of plants with a short juvenile period and testing the applicability of the early selection criterion for juvenile period (De la Rosa et al., 2006) to different seedling ages. In particular, we attempt to define more precisely and optimize the transplant times that can be used successfully, using plant height, shown to be an effective parameter for both strategies, as our principal measurement.
Materials and Methods
Plant material. A total of 360 olive seedlings (coming from the olive breeding program of Córdoba, carried out by the University of Córdoba and IFAPA, Junta de Andalucía) originating from open pollination of 'Arbequina' were included in this study. Progenies of this origin have been shown to have a wide degree of variability in juvenile period length (De la Rosa et al., 2006) . The full study was carried out over five-year period that included seed germination, seedling growth, and transplant to the field during the first year, and measurement of growth and flowering during the following four years. Seed germination was carried out in Dec. 2001 and seedling growth was forced in the greenhouse according to the procedure generally used in the Córdoba olive breeding program and reported by Santos-Antunes et al. (2005) . During the greenhouse forcing phase, the seedlings were randomly divided into four groups of 90 plants each, corresponding to the four subsequent times for transplanting to the field.
Field trial transplant procedure. The growing seedlings were transplanted to the field at the IFAPA (Institute of Agricultural and Fishery Research and Training, Junta de Andalucía, Spain) experimental farm in Cór-doba, Spain. The four groups were transplanted on four different dates, and thus had an increasing mean plant height at each subsequent transplant time, while maintaining a range of heights within the group due to genetic variability among the seedlings. The transplant dates were 22 May (G1), 23 June (G2), 25 July (G3), and 11 Sept. (G4) 2002, or 22, 26, 31 , and 38 weeks after germination, with average (final greenhouse) heights of 44, 83, 109, and 135 cm for groups G1, G2, G3, and G4, respectively.
In the field, the plants were spaced at 1.5 · 4 m and were trained to form the canopy at 160 cm, above which they were allowed to develop freely. Drip irrigation and standard cultural practices were followed.
Trait evaluation. In the transplant year, each time a group was transplanted to the field, the height of all its plants, considered as the complete length of the main trunk, was measured, as was that of the previously transplanted and not yet transplanted groups. In the subsequent five years, it was measured during winter (Dec. 2002-06) . The number of plants starting to flowering (interpreted as the beginning of the adult phase) was evaluated during the three first spring blooms (years 2004, 2005, and 2006 ).
Test of pre-selection. The data regarding seedling height at transplant and the final adult (flowering during the experimental period) or juvenile (not yet flowering) condition were used to perform a hypothetical elimination of the 25% shortest plants in each group to evaluate the potential removal (negative pre-selection) of undesirable genotypes with a long juvenile period at different times.
Data analysis. Data were subjected to analysis of variance to test the effect of the group transplant date on flowering. Height differences within each group at the time of planting in the field (greenhouse height) were evaluated in relation to the final juvenile or adult state of the plant.
Results and Discussion
Time of transplant influenced plant growth, indicated by height, and the length of the juvenile period later in field. As expected, plant growth was delayed by transplanting, although to a different extent for the different groups (Table 1) . Only group G3, with an average height at planting of 109 cm, continued its normal rhythm of growth after transplanting. During the first five seasons in the field, differences in height among groups gradually disappeared, except for the group G1 (mean height at transplant 44 cm/22 May), which consistently showed a mean height significantly lower than the rest of the groups (Table 2 ). The reported heights achieved at different times in the greenhouse are, in general, similar to those previously reported for olive seedlings (Adakalic et al., 2004) . Height and age are indicators of plant growth status at transplant time, but many additional factors that were not included in this study, such as root development, will influence recovery and the resumption of growth.
A similar trend among groups was observed with regard to the juvenile-to-adult phase change, determined by the first year of flowering. In the first flowering year, two years after planting, all groups contained some flowering plants except G1 (44 cm/22 May) (Fig. 1) . In the following years, flowering plants were observed in all of the groups, but with G1 showing a lower percentage than the rest of groups. The lack of significant difference in flowering percentages among groups G2, G3, and G4 could be due to the high variation coefficient of the seedlings, similar to that noted by previous authors (Adakalic et al., 2004) .
The results obtained indicate that earlier transplanting than described previously can facilitate olive seedling management while still maintaining a reduction of the juvenile period. The percentage of flowering plants obtained in groups G2, G3, and G4 is similar to that previously reported for olive seedlings, but seedling management was considerably simplified by shortening the greenhouseforcing period, transplanting smaller plants and reducing subsequent pruning. The G2 to G4 plants were on average 83 to 135 cm high, were transplanted 6 to 9 months after greenhouse forcing, and flowered for the first time three years after germination. Lavee et al. (1996) obtained 0% to 15% of flowering plants three years after germination and 0% to 78% in the next year, but needed to apply three to four heavy pruning treatments. Santos-Antunes et al. (2005) achieved 15% flowering plants three years after germination and 51% of adult plants in the next year from seedlings transplanted to the field at 160 cm height and after 18 months of forced growth in the greenhouse. De la Rosa et al. (2006) and Rallo et al. (2008) used similar transplant Means with different letter within each column indicate significant differences (P # 0.05). timing and heights as Santos-Antunes et al. (2005) and achieved similar flowering percentages, but Pritsa et al. (2003) required at least four years after germination to obtain substantial flowering in olive seedlings. The results of the hypothetical seedling pre-selection strategy (Table 3 ; Fig. 2 ) indicated that elimination of the 25% shortest plants to remove undesirable genotypes with a long juvenile period can be effectively carried out at different times. For all four groups it was observed that the frequency distribution of seedlings by height at transplant time (greenhouse-to-field transplanting height) was strongly shifted to the taller plants for the finally flowering plants with respect to the still not flowering ones (Fig. 2) . By rejecting the 25% of seedlings below the threshold height values, a much higher number of still not flowering (long juvenile period) than finally flowering (short juvenile period) seedlings would be eliminated from the initial progeny group (Table 3) .
De la Rosa et al. (2006) proposed the early selection for olive tree juvenile period based on seedling height at the end of the greenhouseforcing period using a seedling-height threshold to exclude genotypes with a high likelihood of having a long juvenile phase. They suggested that the 25% to 33% shortest plants could be eliminated in the greenhouse, avoiding costly and time-consuming transplants to the field, because a high proportion of them would have a long juvenile period. This criterion was developed and initially tested for seedlings forced in the greenhouse for 18 months and averaging 160 cm at the time of planting in the field. Rallo et al. (2008) found that the elimination threshold was effective up to 40%. In the current study setting, the early selection criterion threshold at eliminating the 25% of plants with lowest height provided good results in all evaluated groups, although least of all in G1. In this group, the differences were less evident, thus the lowest percentage of long juvenile period plants would have been chosen for elimination as well as the highest percentage of short-juvenile-period plants (Table 3) . For the rest of the groups (G2, G3, and G4), similar percentages of the long juvenile period plants (50%), but only a small percentage of all the short juvenile period plants (around 15%) would be eliminated, thus affirming the effectiveness of pre-selection for juvenile period based on seedling height.
The importance of height as an early plant characteristic in olive seedling growth is consistent with reports of seedling vigor, closely related to plant height, in other fruit trees species. In apple, Zagaja and Faust (1983) reported that low plant vigor observed in the first year of seedling growth was indicative of genotype. In pear, the first flowering seems to occur earlier in plant genotypes growing more vigorously during their first year (Costes et al., 2004) .
In conclusion, the results of this study indicate that 26 to 31 weeks after germination, with a mean height of around 100 cm, represents the ideal time for transplanting olive seedlings to the field under our conditions, providing more than 80% of adult plants four years later. Additionally, we have verified the pre-selection strategy of De la Rosa et al. (2006) based on seedling height at the time of planting and we have demonstrated its successful application to seedling groups of different ages and heights. Preselecting in this manner allows the elimination of more than 50% of the plants that would remain juvenile four or more years after planting and, at the same time, maintains more than 85% of those flowering within four years after planting. These results represent a number of advantages for a breeding program, including improving the efficiency and results of the selection process, reducing the time for sexual generations, and lowering management costs for seedling maintenance in the greenhouse and transplanting operations. 
